Abstract: There is growing interest among commercial wine grape (Vitis vinifera L.) growers in reducing water and fertilizer consumption, but little information exists on how best to combine conservative irrigation and soil management practices in the vineyard. In a 3-year-old Merlot vineyard in the semi-arid Okanagan Valley, British Columbia, the interactive effects of resource-conserving micro-irrigation (drippers or microsprinkers), nutrient applications (fertigation or compost), and surface mulching (wood and bark chips) on nitrogen (N) and phosphorus (P) dynamics in the wetted zone of surface soils were examined throughout the growing season using ion-exchange resins. Treatment differences in soil carbon and major nutrient pools, temperature, and moisture were also measured. Higher NO 3 -N was adsorbed by resins buried under drippers than under microsprinklers except in mulched plots, where NO 3 -N was uniformly low. By enhancing soil carbon availability and moderating soil microclimate, surface mulches may have promoted microbial immobilisation of N. Compost applications increased soil ortho-P levels, especially on mulched plots, suggesting that both P inputs (from compost) and enhanced microbial biomass (from mulch) promoted soil P cycling. Future work will examine the interactive effects of these resource-efficient practices on leaching losses, greenhouse gas emissions, crop productivity, and fruit quality.
lixiviation, les émissions de gaz à effet de serre, le rendement de la culture et la qualité du fruit. [Traduit par la Rédaction].
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Introduction
Between 1999 and 2014, the area planted to wine grapes (Vitis vinifera L) in British Columbia grew from 1683 to 4152 ha (Bremer 2014) . Over this period, the contribution of the wine grape industry to the economy of the Okanagan Valley, B.C., has expanded dramatically and continues to grow. This region of the province has a semi-arid climate and, in many areas, coarse-textured, organic-matter-poor soils (Wittneben 1986 ). As a consequence, inputs of water and nutrients are required to maintain the growth and productivity of wine grapes (Neilsen et al. 2010; Bowen et al. 2012; Hannam et al. 2013) . Over the last several decades, shrinking snow packs have been observed across western North America (Mote 2006; Kapnick and Hall 2012) , and the availability of water for irrigation is expected to become increasingly unreliable ). In the interests of improving water-and nutrient-use efficiency, many vineyards have converted from overhead sprinklers to under-vine micro-irrigation systems (i.e., using drip, microsprinkler, or microjet emitters), which deliver water directly to the soil surface at the base of the vine (Bowen et al. 2012 ). Conversion to microirrigation systems can reduce the amount of water lost to surface evaporation and can facilitate the delivery of chemical fertilizers via fertigation (Neilsen et al. 1998; Smajstrla et al. 2002; Stanley and Toor 2010; Bowen et al. 2012) . By optimizing the timing, rate, and placement of applied fertilizers, fertigation can be a particularly effective and efficient method of delivering chemical fertilizers, reducing waste, and preventing contamination of water bodies (Neilsen et al. 1998 Stanley and Toor 2010) .
The desire for improved resource-use efficiency is also driving a growing interest in organic soil amendments and mulches. Locally produced residues generated during the processing of agricultural or forest products are particularly attractive for this purpose because they are readily available, economical, and can be used to further reduce the ecological footprint of agricultural production (Ntougias et al. 2008; Rubio et al. 2013; Quartieri et al. 2014) . Shredded wood and bark is a by-product of the timber industry; when used as a surface mulch, this material can improve soil moisture retention and soil organic matter (SOM) content (Neilsen et al. 2004 Yao et al. 2005 ) and may also increase grape vine vigour (Bound 2014) . Similarly, grape marc or pomace (i.e., the residual seeds, skins, and stems generated during wine production) can be composted on its own or with other organic materials, e.g., wood chips, straw, manure (Powell et al. 2007 ; Bustamante et al. 2010; Bound 2014) .
When used as a soil amendment, this material can enhance SOM content, increase nutrient availability, and has also been shown to improve grape yields (Bustamante et al. 2010; Rubio et al. 2013) . However, there remain concerns about how to ensure that the timing and rate of nutrient release from organic amendments will be sufficient to meet the requirements of growing plants (Neilsen et al. 2009 (Neilsen et al. , 2010 .
Irrigation (and fertigation) using microsprinklers distributes applied water and nutrients evenly across the soil surface. By contrast, drippers limit surface wetting to an ∼30 cm radius, with a deeper wetted bulb directly beneath the emitter. As a result, the effects of soil amendments and mulches on nutrient dynamics in the wetted zone of irrigated soils could depend on the choice of micro-irrigation technique (Neilsen et al. , 2009 ). For example, surface applications of water, associated with microsprinkler irrigation, may be more effective at stimulating nutrient mineralisation from surfaceapplied compost than drip irrigation (Neilsen et al. , 2009 ). Conversely, more spatially concentrated applications of water, associated with drip irrigation, may be more effective at wetting soils covered with a thick layer of surface mulch.
Currently, there is little information on the interactive effects of soil amendments and irrigation practices on soil nutrient dynamics. To address this knowledge gap, a Merlot vineyard was planted in 2011 and irrigated with under-vine drip emitters or microsprinklers; phosphorus and (or) nitrogen were applied via fertigation or as compost, with or without a surface mulch of shredded wood and bark. The objective of the current study was to determine whether irrigation and soil amendment + mulching treatments have interactive effects on mineral N and P dynamics. Of particular interest were the following questions. (i) How do organic mulch applications affect soil N and P dynamics under drip and microsprinkler irrigation? (ii) How do soil N and P dynamics compare when nutrients are applied via fertigation or compost? (iii) How do treatment effects on soil N and P dynamics change through the growing season? Ionexchange resins (IERs) were used to monitor patterns of nutrient availability through the growing season because they allow for repeated measurements through time without requiring destructive soil sampling and because the quantity of nutrients adsorbed to IERs integrates the effects of nutrient mineralisation rates, microbial immobilisation, and ion transport through the soil solution. As such, the results of IER incubations are believed to more closely reflect the availability of nutrients to plant roots than other indices, e.g., soil incubations and extractions, and are particularly meaningful for studies in which both nutrient and water availability are manipulated (Qian and Schoenau 1994; Ziadi et al. 2006; Harrison and Maynard 2014) .
Materials and Methods

Study site
The study was established at Agriculture and AgriFood Canada's Pacific Agri-Food Research Centre, located in the Okanagan Valley, near Summerland, British Columbia (49°34′N, 119°39′W). The area is characterised by cool winters (mean December to February temperature: −1.4°C), warm summers (mean June to August temperature: 19.4°C), and low annual precipitation (326 mm year −1 ; Environment Canada 2012). The experiment was located on a south -south-west-facing slope in a Skaha sandy loam (Brown Chernozemic soil) (Wittneben 1986; Soil Classification Working Group 1998) . Surface soils (5-15 cm) had a pH water of 7.4 and concentrations of organic C, total N, and Bray P of 17.8 mg g −1 , 2.1 mg g
and 39.0 μg g −1 , respectively.
Experimental design and treatments
The study was designed as a split-plot experiment, with irrigation treatments as the main plots, soil amendment treatments as split-plots, and all irrigation × soil amendment treatment combinations replicated in six blocks. Each block consisted of two rows of vines; irrigation treatments were randomly assigned to one row within each block. Rows were divided into five plots to which soil amendment treatments were randomly assigned. Each plot consisted of three measurement vines with a guard vine at each end of the plot.
Merlot vines (clone 181 on SO 4 rootstock) were planted in late May 2011 according to standard industry practice. Prior to planting, the site was deep-ripped to a depth of approximately 30 cm. Vines were placed at 1.2 m spacing within rows and 3.0 m spacing between rows (2778 vines ha −1 ). A 0.75 m strip on both sides of each vine row was kept weed-free via the use of herbicides (primarily glyphosate). Vines were trained to bilateral cordons at 1 m height and were spur-pruned to 18-20 buds per vine each year. Shoots were vertically positioned using three pairs of upper catch-wires. Shoot-and cluster-thinning practices as well as disease and insect control followed industry standards (British Columbia Ministry of Agriculture and Lands 2010).
Irrigation treatments were designed to deliver 100% of the water lost to evapotranspiration (ET) via drip emitters or microsprinklers positioned within the vine row. In drip-irrigated plots, drip emitters were located 0.3 m from each side of every vine (two 4 L h −1 emitters per vine). In microsprinkler-irrigated plots, microsprinklers were located 0.6 m from each side of every vine (one 20 L h −1 emitter per vine). Daily ET was estimated using a Model E ETgage electronic atmometer with a No. 54 canvas cover (designed for agricultural crops; ETGage Co., Loveland, Colorado), linked to irrigation valves via a CR10X datalogger (Campbell Scientific, Logan, Utah) . Plant water demand was calculated from the daily ET measured by the atmometer until midnight each day (minus any precipitation >5 mm) using a daily crop coefficient calculation for grape (van der Gulik et al. 2011 , derived from Allen et al. 1998 , and an adjustment for overestimation of ET as described in Neilsen et al. (2008) . The actual quantity of applied irrigation water (in mm) was calculated based on a 1.8 m 2 area around each vine (1.2 m between vines and a 0.75 m herbicide strip on both sides of the vine row). Irrigation was applied during four individual events of equal volume each day, separated by 6 h. In 2013, irrigation was initiated in early May and ended in October (Table 1) .
The N amendment and mulch treatments were applied in five different combinations and are referred to collectively hereafter as "soil amendment treatments" ( Table 2 ). The soil amendment treatments were as follows: required to deliver the equivalent of 15 g of available N per vine was calculated from its total N concentration, based on the assumption that a maximum of 20% of the total N would become available for plant uptake over the first growing season after application (Gale et al. 2006) . Nitrogen from the previous years' compost applications was not accounted for in calculations of compost requirements in subsequent years. The compost was applied to a 0.75-m-wide strip on both sides of the vine row and manually incorporated into the soil to an approximate depth of 5 cm. (iv) N fertigation + mulch (NM): 15 g of N per vine was provided via fertigation as described for the N treatment, but a mulch of shredded bark and wood (primarily from Pinus contorta var latifolia and Picea glauca) was applied over a 0.75-m-wide strip on both sides of the vine row in 2011 and 2013 to maintain a total mulch depth of approximately 10 cm (mulch was not applied in 2012 because it was still sufficiently thick to suppress weeds).
per vine was applied as described for the C treatment and covered with mulch as described for the NM treatment. In 2012 and 2013, the compost was applied to the surface of the mulch rather than to the surface of the soil because it was impractical to remove the mulch from the soil surface. As described for the NM treatment, mulch was reapplied in 2013 but not in 2012.
Soil moisture and temperature monitoring
Instruments for monitoring soil moisture and temperature were installed in November 2012. Soil moisture was measured (0-30 cm average) using time-domain reflectrometry (TDR) probes (30 cm; CS616; Campbell Scientific; Logan, Utah). The TDR probes were positioned perpendicular to the vine row approximately 20 cm from drip emitters and approximately 40 cm from microsprinklers in each of the N, NM, C, and CM plots in four of the six blocks. Soil temperature was measured using thermocouples produced from 20-gauge shielded thermocouple wire (Omega Engineering, Stamford, Connecticut). Thermocouples were positioned directly adjacent to the TDR probes at 2, 10, 20, and 50 cm depths in each of the N, NM, C, and CM plots but in only three of the six blocks. The TDR cables and thermocouples were connected to a CR 1000 Campbell Scientific datalogger (Campbell Scientific), which collected hourly measurements starting in mid-April 2013. Daily mean soil moisture values and daily mean, maximum, minimum, and range (maximum -minimum) soil temperature data were calculated. Only the 10 cm thermocouple data are discussed further because the IERs were buried at the 5-15 cm depth.
Ion-exchange resin (IER) incubations
Mineral N and P availability in the wetted zone of surface soils was assessed using anion-(for NO 3 -N IER and ortho-P IER ) and cation-(for NH 4 -N IER ) exchange resin strips. IER sheets (anion: AR204SZRA and cation: CR67HMR; GE Water & Process Technologies, Oakville, Ontario) were cut into 6.5 cm × 2 cm strips and attached to 10-cm-long pieces of coloured flagging tape using tag fasteners (Monarch, Miamisburg, Ohio). The strips were charged by suspending them overnight in 0.5 mol L −1 sodium bicarbonate solution on a stir plate and then rinsed in distilled deionized water prior to installation in the field. Three pairs of resins (one anion-and one cationexchange resin per pair) were installed 30 cm from a N, nitrogen fertigation; NPKB, nitrogen, phosphorus, potassium, and boron fertigation; C, compost; NM, N fertigation + mulch; CM, compost + mulch.
b All of the N applied via fertigation and 20% of the total N in the compost was assumed to be "available" (Gale et al. 2006) .
c The nutrient content of the compost varied from year to year. N, P, K, and B application rates for C and CM treatments are means based on compost analyses from 2011, 2012, and 2013 . Total N was determined using a LECO FP-528 (Leco Corp., St. Joseph, Michigan). Total P and K were determined using inductively coupled plasma spectrophotometry, following Aqua regia total digestion (Ian McLachlin, personal communication, A & L Laboratories, London, Ontario).
d Nutrient additions from bark mulch were not included in calculations because mulch was applied to the soil surface and only a small fraction of this material had been incorporated into the soil by soil biota. three emitters in each plot, perpendicular to the vine row. Sampling was restricted to the wetted zone of surface (5-15 cm) soils, located approximately 30 cm from both emitter types, because this region tends to be a focal point for nutrient leaching losses (Neilsen et al. 2000 and greenhouse gas emissions (e.g., nitrous oxide; Alsina et al. 2013; Vallejo et al. 2014) . During installation of the resins, a slit was made with a trowel to a depth of approximately 15 cm; the resin strip was inserted vertically into the slit and the soil was then repacked around the strip to ensure contact between the soil and the resin strip. Mulch was replaced over the soil surface after resins were installed in mulched (NM and CM) plots.
At the end of each incubation period, resin strips were carefully removed from the soil and immediately rinsed in distilled deionized water. All six resin strips from each plot were extracted together in 150 mL of 1 mol L −1 KCl for 1 h on a table-top shaker; resin extracts were stored at −20°C until analysis. Samples were thawed immediately prior to analysis and analyzed colorimetrically using a segmented flow analyzer (SFA, Model 305D, Astoria Pacific International, Clackamas, Oregon) according to the manufacturer's procedures for the determination of NO 3 -N (cadmium reduction), NH 4 -N (indophenol-blue method), and ortho-P (phosphoantimonymolybdenum reduction). Resin strips were incubated continuously from 12 April through 30 October 2013 (16 incubations over a 202-day period) in all treatment combinations in three of the six blocks. During this period, a fresh set of resins was installed in the soil each time a set of resins was removed from the soil. To avoid saturation of ion-exchange sites during fertigation, resin strips were incubated for approximately 1-week intervals; otherwise, resin strips were incubated for approximately 2-week intervals except from 14 August to 10 September, when (due to logistical constraints) resins were incubated for 28 days.
Soil sampling and analysis
In October 2013, six soil cores were collected to a depth of 15 cm in each plot. To obtain composite samples that were representative of the entire plot area, two cores were located within 30 cm of emitters, two cores were located within 30 cm of vines, and two cores were located in areas away from vines and emitters. The six cores were composited into a single sample per plot. Samples were air-dried and sieved (2 mm). Total C and N were determined on ball milled samples using a Costech 4010 Elemental Analyzer with thermal conductivity detection. Extractable P (Bray P-1) was determined according to the method described in Kalra and Maynard (1991) using a ratio of 1:10 (soil:extractant). Hot water extractable organic and inorganic C were determined on a Shimadzu TOC-5000A Total Organic Carbon analyzer, after extraction following the method of Ghani et al. (2003) using a ratio of 1:5 (soil:water).
Permanganate oxidizable C was determined on 2.5 g samples following the method of Culman et al. (2012) .
Data analysis
The cumulative amounts of NO 3 -N, NH 4 -N, and ortho-P (μg cm −2 ) were calculated as the sums of the quantities of the NO 3 -N, NH 4 -N, and ortho-P (μg cm −2 ) adsorbed on IERs over all 16 incubation periods, and expressed as a function of the surface area of the resin strips. Mean growing season soil moisture and temperature, soil carbon (C), and nutrient pools, and the cumulative amounts of NO 3 -N, NH 4 -N, and ortho-P adsorbed to IERs were analyzed using the PROC MIXED procedure (SAS version 9.2; SAS Institute Inc., Cary, North Carolina) with irrigation and soil amendment treatments as fixed effects. The interaction between block and irrigation treatment was treated as a random effect as described in Littell et al. (2006) for analysis of a randomized complete block design with split-plots nested within main plots. Kenward-Roger's adjustment was used to estimate degrees of freedom (Kenward and Roger 1997) . Differences between treatment means were examined using the Tukey-Kramer adjustment method (p < 0.05). Data did not require transformation but outliers were identified using the PROC UNIVARIATE procedure and removed prior to data analysis.
Quantities of NO 3 -N, NH 4 -N, and ortho-P (μg cm −2 day −1 ) adsorbed on IERs during the 16 incubation periods in 2013 were also analyzed as repeated measures by year, using the PROC MIXED procedure and repeated statement. A compound symmetry model was fitted to the covariance structure following the procedure described in Littell et al. (2006) for repeated measures with unequally spaced measurements in time (because the length of individual incubation periods varied).
Results
Soil moisture and temperature
Irrigation with drippers and microsprinklers caused clear differences in growing season soil moisture and temperature conditions in the wetted zone of surface soils ( Fig. 1; Table 3 ): mean volumetric soil moisture (0-30 cm) was more than 3% higher and mean temperature (10 cm depth) was 0.6°C higher under drip irrigation than under microsprinkler irrigation. Under drip (but not microsprinkler) irrigation, volumetric soil moisture (0-30 cm average) remained at or above 20% and soil temperature (10 cm) approached 25°C on some dates.
Soil amendments also influenced growing season soil temperatures in the wetted zone of surface soils: N plots had higher maximum soil temperatures (10 cm depth), lower minimum temperatures, and therefore, a wider temperature range than mulched (NM and CM) plots (Table 3 ). The effects of soil amendments on growing season mean soil moisture conditions (0-30 cm) were not significant (Table 3) , but from early July (Julian day 182) to late August (Julian day 240) soils in drip-irrigated N plots tended to be drier than those in drip-irrigated mulched (NM and CM) plots (Fig. 1a ). There were no obvious effects of soil amendment on soil moisture under microsprinklers (Fig. 1b) .
Soil carbon, nitrogen, and phosphorus
Irrigation method had no effects on C, N, or Bray P pools in surface soils (0-15 cm; Table 4 ). By contrast, soil amendment treatments caused strong and significant effects on soil properties. Soil in C plots had higher concentrations of total C, hot water extractable organic carbon (HWOC), permanganate oxidizable carbon (POX-C), total N, and Bray P than those in plots that received no inputs of organic matter (N and NPKB plots; Table 4 ). Soil in C plots also had higher concentrations of POX-C, total N, and Bray P than those in mulched (NM and CM) plots. Soils in CM plots had higher concentrations of total C and HWOC than those in N and NPKB plots. There were no significant differences in the soil C and N pools of fertigated and mulched (NM) plots compared with fertigated and unmulched (N and NPKB) plots but Bray P concentrations were higher in NM plots than in NPKB plots.
Soil N and P adsorbed on ion exchange resins
Nitrate accounted for more than 98% of the inorganic N adsorbed to IERs buried in the wetted zone of surface soils over the growing season (Table 5 ). The cumulative amount of NO 3 -N IER was affected by irrigation method, soil amendment, and interactions between irrigation and soil amendment. Under drip irrigation, cumulative NO 3 -N N IER was higher in unmulched (N, NPKB, and C) than in mulched (NM and CM) plots. Under microsprinkler irrigation, cumulative NO 3 -N IER was higher in N and NPKB plots than in mulched (NM and CM) plots, but there were no differences in cumulative NO 3 -N IER between C plots and NPKB, NM, or CM plots. There were no effects of irrigation or soil amendment treatments on the cumulative amount of NH 4 -N adsorbed by IERs (Table 5) .
Irrigation method and soil amendment treatments had significant effects on the cumulative amount of ortho-P adsorbed to IERs buried in the wetted zone over the growing season, but interactions were not significant (Table 5 ). Cumulative ortho-P IER was higher under microsprinkler irrigation than under drip irrigation.
Cumulative ortho-P IER was also higher in CM plots than in C plots and was higher in both C and CM plots than in plots that did not receive any compost (N, NPKB, NM).
Repeated measures analyses of the IER data from the 16 incubation periods demonstrated strong and significant interactions between sampling date and irrigation method, between sampling date and soil amendment treatment, and between sampling date, irrigation method, and soil amendment treatment for NO 3 -N IER and ortho-P IER (Table 6 ). By contrast, only sampling date effects were significant for NH 4 -N IER . Given that NH 4 -N IER accounted for a very small proportion of the mineral N adsorbed to IERs, the NH 4 -N IER data are not discussed further.
Under drip irrigation (Fig. 2a) , spikes in NO 3 -N IER occurred in the N, NPKB, and C plots during the fertigation period, and from the end of July (Julian day 212) until the end of the monitoring period in October (Julian day 303). Under microsprinkler irrigation, NO 3 -N IER was elevated in the N, NPKB, and C plots during the fertigation period only (Fig. 2b) . NO 3 -N IER was uniformly low and stable in mulched plots (NM and CM) throughout the growing season under both drip and microsprinkler irrigation.
During the fertigation period, sharp increases in ortho-P IER occurred under both drip and microsprinkler irrigation, particularly in compost-amended (C and CM) plots (Fig. 3) . For the remainder of the growing season, ortho-P IER was lowest in plots that did not receive any compost (N, NPKB, NM) and highest in CM plots. Ortho-P IER was most variable in C plots.
Discussion
The objective of this study was to examine mineral N and P dynamics in the soil of a young Merlot vineyard in which operational management practices had been used to manipulate inputs of water, nutrients, and organic matter. We anticipated strong interactive effects between irrigation and soil amendment practices on N and P dynamics because soil nutrient availability is mediated through the activity of the soil biota (Schimel and Bennett 2004) , which in turn, is affected by soil microclimatic conditions and resource availability. Thus, we expected that microsprinkler irrigation, which distributes water evenly across the soil surface, may be more effective than drip irrigation at stimulating the microbial release of nutrients from compost (Neilsen et al. , 2009 . Although compost applications increased soil total C, HWOC, POX-C, total N, and Bray P pools relative to plots receiving no organic matter amendments, we found no evidence for interactive effects between micro-irrigation method and compost applications on soil N and P dynamics in the wetted zone of these soils. However, we did observe strong and significant interactive effects of micro-irrigation method and surface mulching on NO 3 -N (but not NH 4 -N) dynamics: higher cumulative NO 3 -N IER was detected under drip irrigation a N, nitrogen fertigation; NPKB, nitrogen, phosphorus, potassium, and boron fertigation; C, compost; NM, N fertigation + mulch; CM, compost + mulch, b *, **, *** indicate that differences are significant at p ≤ 0.05, 0.01, and 0.001, respectively; ns indicates that differences are not significant. than under microsprinkler irrigation except in plots mulched with wood and bark chips, where NO 3 -N IER was uniformly low regardless of irrigation method (Table 5) .
Several recent studies conducted in orchard systems have also reported that concentrations of extractable NO 3 tend to be higher in soils under drip than microsprinker irrigation (Alsina et al. 2013 ; Kadyampakeni **** ** **** **** **** I × A n s n s n s n s n s
Note: Within columns, means with different letters indicate significant differences (at p < 0.05) using the Tukey-Kramer adjustment. a N, nitrogen fertigation; NPKB, nitrogen, phosphorus, potassium, and boron fertigation; C, compost; NM, N fertigation + mulch; CM, compost + mulch. b ** and **** indicate that differences are significant at p ≤ 0.01 and 0.0001, respectively; ns indicates that differences are not significant. Irrigation (I) ** ns *** Soil amendment (A) **** *** *** ns **** I × A **** ns ns a Within columns, means with different letters indicate significant differences (at p < 0.05) using the TukeyKramer adjustment.
b Within rows, means with different letters indicate significant differences (at p < 0.05) using the TukeyKramer adjustment. * indicates that differences are significant at p ≤ 0.05; ns indicates that differences are not significant. c **, ***, and **** indicate that differences are significant at p ≤ 0.01, 0.001, and 0.0001, respectively; ns indicates that differences are not significant. Long et al. 2014) . Although few studies have examined the interactive effects of micro-irrigation method and mulching on mineral N dynamics in the soil, our results contrast with those of Long et al. (2014) , who found higher extractable NO 3 in soils under drip than microsprinkler irrigation but no effect of straw mulch on extractable NO 3 . Similarly, Neilsen et al. (2008) found no evidence for suppression of NO 3 leaching losses when a shredded paper mulch was applied to the soil surface of drip or microsprinkler irrigated plots in an Okanagan apple (Malus domestica Borkh.) orchard.
Previous work on soils in a California almond (Prunus dulcis (Mill.) D.A. Webb) orchard suggests that differences in NO 3 -N IER between irrigation treatments are not caused by losses of mineral N via denitrification (Alsina et al. 2013) . Instead, greater water-filled pore spaces in the wetted bulb of soil beneath drippers may support higher rates of N mineralisation; under microsprinklers, higher evaporative losses from the soil surface tend to reduce soil moisture, which may lead to lower rates of N mineralisation (Alsina et al. 2013) . Furthermore, uniformly wet conditions, as were observed under drip irrigation, may support greater rates of cumulative N mineralization than repeated drying-wetting cycles (Mikha et al. 2005 ). Our observations are consistent with this hypothesis: volumetric soil moisture typically remained well above 20% in the wetted zone of drip irrigated plots but frequently fell below 20% in microsprinkler irrigated plots (Fig. 1) . Given that NO 3 leaching losses and N 2 O emissions are driven largely by soil moisture dynamics Alsina et al. 2013; Vallejo et al. 2014) , future work is required to characterise soil microclimatic conditions across the plot surface and deeper into the soil profile to better understand how micro-irrigation practices affect soil N mineralisation and loss.
Our observations of lower NO 3 -N IER in mulched plots are consistent with the results of previous studies monitoring soil mineral N dynamics following the application of high carbon mulches (Stevenson et al. 2011; TerAvest et al. 2011; Forge et al. 2014) . Surface mulches can enhance labile carbon availability Neilsen et al. 2014) , thereby increasing microbial biomass growth and nutrient demand and causing net immobilization of mineral N (Downs et al. 1996; Homyak et al. 2008; Stevenson et al. 2011; TerAvest et al. 2011) . Although some of the surface-applied wood and bark mulch was incorporated into the soil by earthworms in the current study, most remained on the soil surface. Consequently, there were no differences in total C, POX-C, or total N concentrations in surface soils from N or NPKB fertigated plots compared with those from N fertigated + mulch (NM) plots. However, HWOC, which is used as an indicator of labile C availability (Ghani et al. 2003; Zakarova et al. 2014) , showed a strong trend toward higher concentrations in soils from mulched plots than in soils from plots that received no organic matter amendments (Table 4) . Soil microclimatic conditions under mulch were also more favourable for soil biota (Gan et al. 2013) : surface mulches moderated soil temperatures at the 10 cm depth (Table 3) , and in drip irrigated plots, maintained higher soil moistures during the hottest part of the growing season (Fig. 1a) . Although evidence for greater biological activity (e.g., abundant fungal hyphae, earthworms) was noted during sampling in the mulched plots, soil microbial biomass was not directly measured. Therefore, greater microbial N immobilization as an explanation for the reduced NO 3 -N IER under mulch remains hypothetical. Nevertheless, surface mulching with wood and bark chips shows potential as a tool for moderating changes in soil NO 3 (which were particularly strong under drip irrigation) and may be useful for preventing NO 3 leaching into receiving waters (Homyak et al. 2008), and (or) reducing N losses via denitrification (Stevenson et al. 2011) .
As can be expected in soils with a near-neutral pH (mean of 7.4 at the 0-15 cm depth), NO 3 -N was the dominant mineral N form adsorbed to IERs; this pattern may also reflect the lower mobility of NH 4 ions in the soil solution (Harrison and Maynard 2014) . Nevertheless, treatment effects on NH 4 -N IER were not statistically significant, although NH 4 -N IER did vary considerably among sampling dates (data not shown).
The lack of an interactive effect between irrigation method and soil amendment treatment on ortho-P IER was unexpected, given that greater ortho-P leaching was observed in compost-amended plots under drip irrigation than under microsprinkler irrigation in an Okanagan apple orchard on similar soils ). In the current study, periods of high ortho-P IER were observed in compost-amended (C and CM) plots relative to plots to which no compost had been applied. However, ortho-P IER levels in C and CM plots remained within the range reported for similar trials using compost and (or) mulch applications in raspberry (Rubus idaeus L.) and apple Forge and Kempler 2009 ). Further work is required to understand spatial and temporal changes in ortho-P availability under different irrigation and soil amendment treatments in order to rationalize P fertilizer inputs and ensure that P leaching losses are minimised.
Given that the compost was a good source of P (Table 2) and that compost applications increased Bray P concentrations in C plots relative to those receiving no compost (N, NPKB, and NM; Table 4), it was not surprising that cumulative ortho-P IER was also increased by compost applications (Table 5 ; Fig. 3 ). In the CM plots, however, Bray P concentrations were not higher than in the N and NPKB plots, and were lower than in the C plots, yet cumulative ortho-P IER was higher in the CM plots than in any of the other soil amendment treatments. Clearly, P inputs from compost cannot entirely explain higher ortho-P IER levels in the CM plots. In some Fig. 2 . Effects of soil amendment practices on the quantity of NO 3 − -N adsorbed on anion-exchange resins in (a) drip-irrigated and (b) microsprinkler-irrigated plots (n = 3). Grey shading represents the fertigation period, when nutrients were applied to the N fertigation, NPKB fertigation, and N fertigation + mulch treatments. Downward arrows indicate the date of compost and mulch applications. Error bars represent the standard error of the irrigation × amendment × date effects. studies, mulch has been shown to improve P availability by increasing soil microbial biomass and enhancing phosphatase production (Yao et al. 2005; Neilsen et al. 2014) , although finer-textured mulches such as shredded paper can also cause net P immobilisation Forge and Kempler 2009 ). In the current study, it appears that both inputs of P (from compost) and changes in microbial activity caused by inputs of C-rich materials and (or) improved soil microclimatic conditions (from mulch) increased concentrations of ortho-P in the wetted zone of surface soils in plots amended with compost + mulch.
One of the constraints against wider adoption of compost as an alternative to chemical fertilizers is the concern that nutrient release from compost will not correspond with periods of high crop requirements. In Fig. 3 . Effects of soil amendment practices on the quantity of ortho-P adsorbed on anion-exchange resins in (a) drip-irrigated and (b) microsprinkler-irrigated plots (n = 3). Grey shading represents the fertigation period, when nutrients were applied to the N fertigation, NPKB fertigation, and N fertigation + mulch treatments. Downward arrows indicate the date of compost and mulch applications. Error bars represent the standard error of the irrigation × amendment × date effects. northern grape growing regions such as the Okanagan Valley, there is additional concern that high N availability late in the growing season could delay the onset of dormancy and leave vines susceptible to frost damage, as has been observed in fruit trees (Faust 1989; Neilsen et al. 2010 ). The fertigation rates and timing used in this study were typical of those applied in commercial vineyards and were timed to correspond to the period between budbreak and bloom, when shoot and leaf growth can accumulate up to 50% of its annual N requirement (Conradie 2005) . Despite higher soil N contents (0-15 cm) in the C plots, however, NO 3 -N IER levels in the wetted zone of surface soils were similar in fertigated (N and NPKB) and compost-amended (C) plots throughout the growing season. This was particularly true under drip irrigation, the most commonly used microirrigation method in Okanagan vineyards. Although previous studies have demonstrated that compost applications without supplementary fertilizer can be sufficient to support vine growth and productivity in well-established, unirrigated vineyards (Morlat 2008; Mugnai et al. 2012) , it is not yet clear how compost can best be managed to provide sufficient nutrients in young, irrigated vineyards established on coarsetextured, nutrient-poor soils. Indeed, a previous study on 6-to 9-year-old drip-irrigated Merlot and Cabernet Sauvignon vines found that composted poultry manure, applied at budbreak, produced similar yields but (in some years) lower concentrations of grape juice N compared with N applied as granular urea (Neilsen et al. 2010) . The implications for vine N uptake of lower NO 3 -N IER under surface mulches of wood and bark chips also remain unclear. Earlier work examining the effects of surface mulch on soil nutrient dynamics in raspberry and apple suggest that reduced concentrations of ion-exchangeable or extractable N and P in the soil do not necessarily indicate reduced nutrient availability to the plant (Neilsen et al. 2003; Forge et al. 2008 Forge et al. , 2014 but may instead indicate tighter soil nutrient cycling, in which N and P mineralisation is closely coupled to N and P uptake (Schimel and Bennett 2004; Forge et al. 2008; TerAvest et al. 2011) . Future work at this site will examine the effects of irrigation methods, soil amendments, and mulches on vine nutrient status and productivity, and the implications for fruit and wine quality.
Conclusions
We observed strong and significant interactive effects of irrigation method and surface mulching on the quantity of NO 3 -N (but not NH 4 -N or ortho-P) adsorbed on IERs buried in the wetted zone of surface soils in a young Merlot vineyard. Higher NO 3 -N IER levels were measured under drip irrigation than under microsprinkler irrigation except in mulched plots, where NO 3 -N IER levels were uniformly low. The quantity of exchangeable NO 3 -N changed substantially through the growing season in unmulched plots, particularly under drip irrigation. If surface mulching causes tighter nutrient cycling without inducing N limitations to the vine, mulching with wood and bark chips shows considerable promise as a means of retaining N in the soil system and may therefore be useful for preventing N losses via leaching and denitrification. Compost produced from grape pomace, straw, steer manure, and wood chips promoted ortho-P IER in the wetted zone of surface soils, indicating that it was a good source of P. However, particularly high levels of ortho-P IER in CM plots suggest that surface mulching may also enhance P availability by stimulating soil microbial activity. Compared with fertigation, compost applications provided similar quantities of NO 3 -N IER and NH 4 -N IER and higher quantities of ortho-P IER through the growing season. Future work is required to characterise nutrient dynamics across the plot and deeper into the soil, to examine the effects of micro-irrigation, compost amendment, and surface mulching practices on nutrient leaching losses and greenhouse gas emissions and, of most concern to commercial growers, to investigate the effects of these resource-efficient practices on vine growth and productivity, fruit quality, and wine composition.
